The Hippo pathway is an evolutionarily conserved pathway that controls cell proliferation, organ size, tissue regeneration and stem cell self-renewal. Here we show that it also regulates the DNA damage response. At high cell density, when the Hippo pathway is active, DNA damage-induced apoptosis and the activation of the tyrosine kinase c-Abl were suppressed. At low cell density, overexpression of the Hippo pathway kinase large tumor suppressor 2 (Lats2) inhibited c-Abl activity. This led to reduced phosphorylation of downstream c-Abl substrates, the transcription coactivator Yes-associated protein (Yap) and the tumor suppressor p73. Inhibition of c-Abl by Lats2 was mediated through Lats2 interaction with and phosphorylation of c-Abl. Lats2 knockdown, or expression of c-Abl mutants that escape inhibition by Lats2, enabled DNA damage-induced apoptosis of densely plated cells, while Lats2 overexpression inhibited apoptosis in sparse cells. These findings explain a long-standing enigma of why densely plated cells are radioresistant. Furthermore, they demonstrate that the Hippo pathway regulates cell fate decisions in response to DNA damage.
Severe DNA damage elicits apoptosis, a process mediated by the p53 family of tumor suppressors (reviewed in Vousden and Prives 1 and Beckerman and Prives 2 ). However, under certain conditions damaged cells do not undergo apoptosis. DNA damage-induced apoptosis is inhibited at high cell density, 3 a behavior that is likely to be due to cell-cell contact. However, the molecular basis of how cell-cell contact inhibits DNA damage-induced cell death has remained obscure.
The Hippo pathway is an evolutionarily conserved pathway that regulates cell proliferation and organ size, 4-6 embryonic stem cell renewal and differentiation 7 and cancer stem cells. 8 At high cell density, the Hippo signaling cascade is activated, culminating in the activation of the kinases Lats1 and 2 (Lats1/2, large tumor suppressor 1 and 2). Lats1/2, in turn, phosphorylate the transcription coactivators Yap1, Yap2 (Yes-associated protein) and Taz (transcriptional coactivator with PDZ-binding motif), which leads to their cytoplasmic sequestration and proteasomal degradation. [9] [10] [11] Under conditions of low cell density, Yap and Taz enter the nucleus, where they coactivate the TEAD (TEA domain) family of transcription factors, and lead to the activation of pro-proliferative, pro-EMT (epithelial to mesenchymal transition) and anti-apoptotic target genes. [12] [13] [14] [15] [16] Thus, the Hippo pathway suppresses cellular proliferation at high cell density, and acts as a tumor suppressor by inhibiting oncogenic Yap and Taz.
Although Yap can be a powerful oncogene and proproliferative factor, under conditions of DNA damage, Yap functions as a tumor suppressor, 17 and coactivates the p53 family member p73 in response to DNA damage. Upon DNA damage, the non-receptor tyrosine kinase c-Abl (ABL1) is activated, and phosphorylates p73 at Tyr 99 , which supports p73-dependent induction of apoptotic genes. [18] [19] [20] Active c-Abl also phosphorylates Yap at Tyr 357 . 21 The tyrosine phosphorylated Yap accumulates and preferentially associates with p73 in targeting apoptotic gene promoters. c-Abl-mediated phosphorylation of Yap therefore switches Yap activity from anti-to pro-apoptotic. 21, 22 The involvement of the Hippo-regulated effector Yap in the apoptotic DNA damage response suggested that the Hippo pathway may control apoptosis through Yap. Previous studies have demonstrated that components of the Hippo pathway can have roles in regulation of apoptosis. The Hippo pathway kinases Mst1 and 2 (mammalian STE20-like protein kinase) have pro-apoptotic activity in response to various stimuli (reviewed in Radu and Chernoff 23 ); the tumor suppressor RASSF1A (RAS association domain family 1A) elicits apoptosis through Mst2; 24 Lats2 cooperates with the p53 activator ASPP1 (apoptosis-stimulating protein of p53-1) to promote p53-dependent apoptosis; 25 and activation of the Hippo pathway is important for anoikis induced by cell detachment. 26 However, these studies did not investigate Hippo pathway involvement in DNA damage-induced apoptosis under conditions of high cell density.
We demonstrate here that active Hippo pathway inhibits DNA damage-induced apoptosis. Hippo pathway inhibition of apoptosis was not achieved solely through cytoplasmic retention of Yap, because a constitutively nuclear Yap mutant was not sufficient to enable apoptosis at high cell density. We discovered that the Hippo pathway inhibited the c-Abl-mediated DNA damage response pathway. High cell density or Lats2 activation suppressed activation of c-Abl, and prevented the phosphorylation of downstream substrates p73 and Yap. Overexpression of Lats2 was sufficient to suppress apoptosis in sparse cells in response to DNA damage. Furthermore, knockdown of Lats2, or expression of c-Abl mutants resistant to phosphorylation by or interaction with Lats2, partially restored DNA damage-induced apoptosis in densely plated cells. Our data support a model whereby DNA damage-induced apoptosis is suppressed by the Hippo pathway, through inhibition of c-Abl by Lats2, and explains why dense cultures are resistant to DNA damage-induced apoptosis.
Results
DNA damage-induced apoptosis is inhibited when the Hippo pathway is active. To study the role of the Hippo pathway in regulation of DNA damage-induced apoptosis, we used MCF10A cells, a non-transformed breast epithelial cell line with a functional Hippo pathway. 9, 27 We plated the cells at different cell densities and exposed them to g-irradiation (IR). FACS (fluorescence-activated cell sorting) analysis was performed to determine the percentage of apoptotic cells, defined as those in the sub-G1 fraction. Following IR, sparsely plated cells underwent apoptosis, whereas apoptosis was curtailed in the densely plated cells (Figure 1a) . Furthermore, markers of the apoptotic response such as caspase 3 activation and PARP cleavage were detected in the sparsely, but not densely, plated cells (Figure 1b) . The lack of cell death at high density was not due to a defect in detecting DNA damage or in the initial DNA damage response. Both densely and sparsely plated cells showed phosphorylation of histone H2AX (g-H2AX) 2.5 h post-IR (Figure 1c ). Upon Hippo pathway activation, Lats phosphorylates Yap at Ser 127 . 9, 28, 29 In the densely plated cells, phosphorylation of Yap at Ser 127 was detected, demonstrating that the Hippo pathway was active (Figures 1b-d) . To demonstrate that inhibition of apoptosis at high cell density was not cell type specific, we tested other cell lines. We found that DNA damage-induced apoptosis was suppressed at high cell density in NIH3T3 cells (Figures 1d and e) , in addition to p53-null H1299 cells (Supplementary Figures 1a  and b ) and p53-wild-type-containing U2OS cells (Supplementary Figure 1c) . Despite the latter two cell lines being tumor derived, they still exhibited Hippo pathway activation at high cell density, as shown by the phosphorylation of Ser
127
( Supplementary Figures 1a and d) . These cell lines were used to show that the density effect on apoptosis was present in both p53 wild type and p53-null cell lines. Previous studies have demonstrated a central role for c-Abl in induction of DNA damage-induced apoptosis. Yap-and p73-dependent apoptosis requires their phosphorylation by c-Abl. 20, 21 c-Abl also contributes to p53-dependent apoptosis through the inhibition of mouse double minute 2 (Mdm2) and Mdm4. 30, 31 Consistent with these findings, treatment of the cells with the c-Abl kinase inhibitor STI571, or knockdown of c-Abl with shRNA reduced apoptosis, demonstrating that the process we observed was dependent on c-Abl activity (Figures 1d-f and Supplementary Figures 1a and b) .
Yap nuclear localization is not sufficient to enable apoptosis at high cell density. Yap is an important coactivator of p73 in the apoptotic response. At high cell density, Yap is mostly cytoplasmic, therefore this could be a way by which the Hippo pathway inhibits apoptosis at high cell density. To test this possibility, we used MCF10A cells expressing Flag-Yap, or the Flag-Yap S127A mutant, which is nuclear localized. 9 Yap is important for apoptosis in these cells, as knockdown of Yap1 in MCF10A cells reduced DNA damage-induced apoptosis (Supplementary Figure 2) . Under DNA damage, at low cell density, Flag-Yap and the S127A mutant were nuclear localized ( Figure 2a ). In contrast, at high cell density, Flag-Yap was, by large, nuclear excluded whereas the Flag-Yap S127A mutant still showed nuclear staining. We found that even in cells expressing nuclear Yap S127A, apoptosis was inhibited by high cell density ( Figure 2b ). As nuclear Yap could not rescue apoptosis, this implied that the Hippo pathway suppresses apoptosis through an additional mechanism.
Lats2 overexpression inhibits Yap in sparse cells. To investigate high cell density inhibition of apoptosis and Hippo pathway involvement, we used overexpression of Hippo pathway core proteins to recapitulate the effect of high cell density. To validate this system, we overexpressed Flag-Yap1, along with combinations of HA-Lats2 and untagged Mst1 and WW45 in HEK293 cells. Following transfection, cells were replated under sparse and dense conditions. Lats2 was active when overexpressed, even under sparse conditions, leading to phosphorylation of Yap at Ser 127 ( Figure 3a ). Co-expression of Mst1 and WW45, activators of Lats2, led to a further increase in pSer 127 . These effects were intensified at high cell density. PhosphoYap appeared with several upshifted bands, likely representing incremental phosphorylation of the five different Lats2 sites on Yap. 9, 28 Analysis of mRNA by qPCR confirmed expression of the untagged Mst1 and WW45 ( Supplementary  Figures 3a and b) . Furthermore, qPCR showed that expression of endogenous CTGF, a target gene of Yap, increased with Yap overexpression, but was inhibited with Lats2, and was inhibited further when Lats2 was expressed together with Mst1 and WW45 (Figure 3b ). These results indicate that overexpression of Lats2 is sufficient to activate Lats2, leading to Yap inhibition similar to what is found with Hippo activation at high cell density.
c-Abl activation under DNA damage is compromised in dense cells. c-Abl is an important regulator of apoptosis, therefore we next asked whether c-Abl can be activated at high cell density. c-Abl is autophosphorylated upon activation c-Abl is a direct substrate of the Hippo kinase Lats2. We observed that c-Abl possesses a consensus site for Lats phosphorylation in its SH2 domain, the domain responsible for binding to phosphotyrosine (Figure 5a ). The consensus, HxR/H/KxxS/T, 9,28 is present in c-Abl (ABL1) and Arg (Abl-related gene, ABL2) from higher organisms ( Figure 5b ) and in v-Abl, but is not conserved in worms or flies. Likewise, it is not conserved in the related Src family kinase c-Src. A consensus sequence logo compiled by Prosite 35 from 444 SH2 domain sequences shows that the phosphorylation site S or T is not conserved among general SH2 domains (Figure 5c ). We prepared a phospho-specific antibody to detect c-Abl phosphorylated at Thr 197 , the consensus phosphorylation site. This antibody recognized wild-type c-Abl phosphorylated in vitro by activated Lats2, but not the T197A mutant, suggesting that Lats2 phosphorylates c-Abl at the Thr 197 site (Figure 5d ). The activity of the myc-Lats2 used in the in vitro assay was confirmed by its ability to phosphorylate Yap in vitro (Supplementary Figure 4a) . Furthermore, a myc-Lats2 kinase mutant did not phosphorylate c-Abl in vitro (Supplementary Figure 4b) . To determine whether the Thr 197 phosphorylation site is important for the inhibition of c-Abl by Lats2, we tested the ability of wild type constitutively active c-Abl (D1-81), and the T197A c-Abl mutant to phosphorylate Yap when transfected together with Lats2. The T197A mutant was more resistant to Lats2 inhibition than the wild type, and phosphorylated Yap even in the presence of Lats2 (Figure 5e ). These results suggest that phosphorylation of c-Abl by Lats2 has a role in the inhibition of c-Abl.
The Hippo kinase Lats2 binds the c-Abl SH3 domain. Our results (Figure 4b ) indicating that multiple Lats2 domains were capable of interacting with c-Abl, and that Lats2 possesses a number of consensus motifs for SH3 domain binding (Figure 4a ), suggested that Lats2 inhibition of c-Abl could be mediated through Lats2 binding to the SH3 domain of c-Abl. To validate this, we made a point mutation in the SH3 domain of c-Abl (W118A) at a position shown to reduce SH3 domain binding to PXXP motifs, 36 and tested the interaction between c-Abl and Lats2 by co-IP. Lats2 co-immunoprecipitated approximately 2-fold less efficiently with the W118A mutant c-Abl than with the wild type, indicating lower binding with this mutant (Figure 6a ). We next Hippo pathway inhibits apoptosis at high cell density through inhibition of c-Abl by Lats2. Our initial results indicated that high cell density inhibited apoptosis, and we hypothesized that this inhibition is mediated by the Hippo pathway, and specifically, through the downstream kinase Lats2. Thus, our model predicts that overexpression of Lats2 in sparse cells should reduce DNA damage-induced apoptosis, and conversely, knockdown of Lats2 should enable apoptosis in densely plated cells. To challenge this prediction, we analyzed the effect of overexpression or knockdown of Lats2 on DNA damage-induced apoptosis at different cell densities. Overexpression of Lats2 in H1299 and MCF10A cells led to a reduction in DNA damageinduced apoptosis in sparsely plated cells (Figures 7a-c) . In contrast, knockdown of Lats2 increased apoptosis, including in densely plated cells (Figure 7d, Supplementary Figure 5a ). Knockdown of Lats2 was confirmed by immunoblot and by qPCR ( Supplementary Figures 5b and c) . This demonstrates that Lats2 is involved in the inhibition of DNA damageinduced apoptosis.
Our results have shown that Lats2 inhibits c-Abl activity. Previous studies, and our results (Figures 1d-f and Supplementary Figures 1a and b) have shown a dependence on c-Abl for mediating DNA damage-induced apoptosis. Thus, our model predicts that expression of c-Abl mutants that are not inhibited by Lats2 could enable apoptosis of cells at high cell density. To test this, H1299 cells were transduced to overexpress wild-type c-Abl, the W118A and T197A mutants, or pBabe empty vector. DNA damage-induced apoptosis was inhibited at high cell density in the control or wild-type c-Abl expressing cells, but apoptosis was induced by IR at high cell density in the cells expressing c-Abl W118A or T198A, which are not inhibited by Lats2 (Figure 7e and Supplementary  Figure 6a , expression of constructs shown in Supplementary  Figure 6b ) Taken together, these results show that the Hippo pathway inhibits DNA damage-induced apoptosis at high cell density, and that this is mediated through inhibition of c-Abl by Lats2 (Figure 7f ).
Discussion
Our findings show that inhibition of DNA damage-induced apoptosis at high cell density is mediated through the inhibition of the tyrosine kinase c-Abl, an important inducer of cell death under DNA damage, by the Hippo pathway kinase Lats2 (Figure 7f ). Hippo pathway inhibition of DNA damage-induced apoptosis appears to be a robust process, and therefore we would predict that the Hippo pathway may also be inhibiting other pro-apoptotic factors in order to achieve the effect. Nevertheless, the fact that manipulation of Lats2 or c-Abl alone was able to induce or reduce the inhibition indicates that they have an important role in the process. Overexpression of Lats2 in sparse cells reduced DNA damage-induced apoptosis, and knockdown of Lats2 increased DNA damage-induced apoptosis at high cell density, despite the fact that other Hippo pathway elements (such as Lats1 or other pathway components) may also be involved. Furthermore, expression of c-Abl mutants resistant to Lats inhibition restored apoptosis at high cell density. In contrast, apoptosis could not be rescued at high cell density by overexpressing nuclear Yap, indicating that cytoplasmic sequestration of Yap likely contributes to, but is not sufficient for the prevention of apoptosis. c-Abl is required for p73-dependent apoptosis, through direct phosphorylation of p73 [18] [19] [20] and through phosphorylation of Yap. 21 While c-Abl does not directly phosphorylate p53, 37 it does lead to increased p53 levels and activity through the phosphorylation of the p53 ubiquitin E3 ligase Mdm2 and the related inhibitor of p53 Mdmx. 30, 31 Thus, by inhibiting c-Abl, the Hippo pathway targets both p73-and p53-dependent apoptosis.
The fact that densely plated cells are radio-and chemoresistant was previously noted, but the underlying molecular mechanisms remained obscure. A previous study 3 showed that apoptotic activation of p53 is suppressed in densely plated cells, but the mechanism was not resolved. Previous studies have demonstrated differential p53 activation depending on cell type and developmental state. Following whole-body irradiation, p53 accumulates and causes apoptosis in certain cell types, such as thymocytes, but not in others, such as hepatocytes. 38 Other studies have demonstrated differences in p53 accumulation and apoptosis depending on developmental state and cell type. [39] [40] [41] [42] The general finding is that maximal induction of p53 is found in less-differentiated cells. 40 In a study that examined radiationinduced expression of p53 in the mouse intestine, 42 it was found that the highest p53 levels are at the base of the crypt in the small intestine in the stem cell population, with high levels also found in the proliferating transit cell population. Low levels are found in the differentiated cells of the villi. This study showed that the cells expressing high levels of p53 undergo apoptosis, whereas the cells expressing low p53 express the inducer of cell-cycle arrest, p21. Interestingly, this pattern of p53 response to DNA damage correlates with Hippo pathway activation in the intestinal crypt. Nuclear Yap (indicating inactive Hippo) is found in the progenitor/stem cell compartment, however, as the cells differentiate, the Hippo pathway is activated and Yap is reduced. 43 Thus, there is a correlation between Hippo activation in differentiated cells and lack of DNA damage-induced apoptosis.
Our findings predict that other damage-induced cell fate pathways, such as senescence, should be favored in cells with active Hippo pathway, where apoptosis is suppressed. Recent studies have shown links between the Hippo pathway and the pRB (retinoblastoma) pathway in the context of cellular senescence. [44] [45] [46] [47] The latter studies show a role for Lats2 in mediating repression of E2F target genes by pRB in senescence. These studies induced senescence through oncogene expression or serum withdrawal. It will be interesting to determine whether DNA damage-induced senescence also depends upon Lats2.
The Hippo pathway inhibits proliferation by keeping the downstream effectors, Yap and Taz, in check. However, it is possible that the Hippo pathway prevents proliferation through other mechanisms as well. Although this study focused on the apoptotic role of c-Abl, c-Abl is also a pro-proliferative factor (reviewed in Sirvent et al. 48 and Colicelli
49
). Activation of c-Abl in the cytoplasm is involved in the response to growth factors [50] [51] [52] and F-actin assembly. 53 Furthermore, as shown by the example of CML (chronic myeloid leukemia), uncontrolled activation of ABL is tumorigenic. 54 Our study shows that Lats2 can inhibit c-Abl. It is possible that this inhibition is relevant to the anti-proliferative effect of Lats at high cell density. In addition, as a tumor suppressor, Lats2 may be one of the controls that normally prevent over-activation of the protooncogene c-Abl. It will be of interest to examine tumors with low Lats activity to determine whether c-Abl activity is increased, and whether the tumor depends on c-Abl activity for its growth.
Materials and Methods
Cells and cell culture. The cell lines used were human embryonic kidney cells HEK293 and HEK 293T, the non-transformed human breast epithelial cell line MCF10A, human non-small-cell lung carcinoma H1299 p53-null cells, human osteosarcoma U2OS cells and mouse NIH3T3 cells. Cells were grown in Dulbecco's modified Eagle's medium (DMEM; GIBCO (Life Technologies), Grand Island, NY, USA) supplemented with 8% fetal bovine serum (GIBCO), 100 units/ml penicillin, 100 mg/ml streptomycin and cultured at 37 1C in a humidified incubator with 5.6% CO 2 . H1299 cells were cultured under the same conditions with Roswell Park Memorial Institute (RPMI; GIBCO) medium. MCF10A were grown in DMEM/F12 (Biological Industries, Kibbutz Beit Haemek, Israel) supplemented with 5% donor horse serum (GIBCO), 2 mM glutamine (Biological Industries), 20 ng/ml epidermal growth factor (EGF), 10 mg/ml insulin, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin (all from Sigma, St Louis, MO, USA), and antibiotics, as above. Plating densities are defined as o40% confluent for 'sparse' and confluent for 'dense'. After plating, cells were allowed to attach for at least 16 h before treatment (such as irradiation) or harvesting. Light microscopy photographs of cells were performed using an Olympus IX70 microscope (Olympus, Tokyo, Japan) connected to a DVC camera. Flow cytometry analyses were done as previously described. 55 For flow cytometry analysis, at least 20 000 cells were collected for each sample.
Plasmids, transfection and mRNA analysis. The plasmids used were: pCDNA Flag-Yap1, 21 pSLX c-Abl WT and pSLX c-Abl D1-81, kindly provided by G Superti-Furga. 33 pCDNA c-Abl D1-81 was sub-cloned from pSLX c-Abl D1-81, and Flag-c-Abl D1-81 was constructed by inserting a Flag tag at the N-terminus of the construct. pSG5-c-Abl wt and kinase mutant are described in Agami et al. 20 The 1b isoform was used for generation of full-length c-Abl constructs, and the numbering of c-Abl residues refers to positions in the 1b isoform. The EcoRI-BamHI (blunted) c-Abl fragment from pSG5-c-Abl wt was sub-cloned into pBABE puro at EcoRI-SalI (blunted) to make pBABE c-Abl used in this project. The T197A, W118A and K290H (kinase-dead) mutations in pCDNA cAbl D1-81, pCDNA Flag-c-Abl D1-81 and pBABE c-Abl were generated by site-directed 55 was used. Forty-eight hours after transfection, viral supernatant was filtered through a 0.45-mm filter, supplemented with 8 mg/ml polybrene, and used to infect MCF10A or H1299. Twenty-four hours after infection, cells were selected with 2 mg/ml puromycin (Sigma) or 5 mg/ml blasticidin (Calbiochem, Merck Millipore, Billerica, MA, USA) in the culture medium. All transfections were done by the calcium phosphate method as described. 55 Total RNA was extracted using the TRI-Reagent solution (Molecular Research Center, Cincinnati, OH, USA), DNase treated using the RNAse-free DNAse set (Qiagen, Hilden, Germany) and then reverse-transcribed by iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Quantitative RT-PCR was performed with SYBR Green PCR Master Mix (Kapa Biosystems, Woburn, MA, USA) using the LightCycler 480 Instrument (Roche Diagnostics, Basel, Switzerland).
Immunoblot and co-immunoprecipitation studies. Immunoblots and IPs were done as previously described. 55 The ) (Upstate Biotechnology, Lake Placid, NY, USA). Anti-myc monoclonal antibodies were generated by the antibody unit, Weizmann Institute (Rehovot, Israel). Anti-c-Abl phospho Thr 197 polyclonal antibody was raised by immunization of rabbits with a synthetic phosphopeptide (CEGRVYHYRIN(p-T)ASD), corresponding to c-Abl 1b aa187-200, with the N-terminal cysteine added for conjugation, conjugated to KLH (keyhole limpet hemocyanin). Antibodies were generated and affinity purified by Biomatik (Cambridge, ON, Canada). For IP of HA-and Flag-tagged proteins, anti-Flag M2 agarose and anti-HA agarose (Sigma) were used. For other IP, protein A/G agarose (Santa Cruz Biotechnology) was used. Horseradish peroxidase-conjugated secondary antibodies were from Jackson ImmunoReasearch Laboratories (West Grove, PA, USA). Enhanced chemiluminescence was performed with the EZ-ECL kit (Biological Industries) and signals were detected by the ImageQuant LAS 4000 (GE Healthcare, Piscataway, NJ, USA) or by exposure to film. Intensities of bands were quantified by the ImageQuant TL software. Quantification of band intensities in numerical or chart form was added to aid in presentation of immunoblot results. For comparison of multiple experiments, values within one experiment were normalized to a standard set at 1. 'SE' refers to standard error.
Immunofluorescence staining. MCF10A cells stably expressing FlagYap were seeded on glass coverslips, g-irradiated (20 Gy) the next day, and 24 h following IR fixed in 4% paraformaldehyde for 30 min, permeabilized with 0.5% (v/v) Triton X-100 for 25 min, and blocked with FCS containing 10% skim milk and 
